Response surface methodology (RSM) was utilized to optimize the ultrasonic-assisted extraction (UAE) of Dioscorea cirrhosa pigment (DCP). The results demonstrated that the yield of DCP is the highest (32.27%) when acetone volume fraction is 74%, extraction time is 31 min, and the temperature is 54 C.
Introduction
Dioscorea cirrhosa is a plant which belongs to the family Dioscoreaceae, native to China, Indochina, and the Philippines. Dioscorea cirrhosa is rich in natural pigments, contains condensed tannins, and it can be used for dyeing food, silk fabric and cloth. DCP is a multifunctional pigment, which has strong dyeing ability, corrosion resistance and safety, good dyeing effect and uniform color can be obtained. 1 In addition, DCP have many health benets, including hemostasis, antioxidant, hypolipidemic, hypotensive, and anti-tumor effects. 2 Thus, DCP has been widely utilized in medicine, food, and cosmetics. 3, 4 DCP was usually extracted by solvent extraction method in previous studies, 5, 6 whose mechanism is based on the different solubility of DCP in different solvents. However, this method is time-consuming, inefficient, and not easy to extract DCP. It takes 3 hours to extract DCP in 60 C water bath. 7 The application of this method is limited due to its long extraction time and low yield. Recently, various non-conventional methods such as supercritical uid extraction, pressurized liquid extraction, microwave-assisted extraction and ultrasoundassisted extraction have emerged as alternatives to the conventional methods, with advantages including lower solvent consumption, shorter extraction time and greater environmental friendliness. Among these non-conventional methods, UAE has been applied to many plant products for its ability to enhance the solvent penetration and increase the solid-liquid contact area due to the solvent cavitation effect, then the effective components can be extracted. 8 The extraction yield of avonoids by UAE could reached up to 17.2%, which was much higher than that extracted by heated, microwaves-assisted and enzyme-assisted extractions. 9 During the extraction of hesperidin from penggan peel 10 or hemicellulose from grape pomace, 11 the UAE was more effective than the conventional procedures. However, there are only a few reports regarding ultrasonic-assisted extraction of DCP. Some papers researched the ultrasonic-assisted extraction of DCP using ethanol. However, it takes long time and large amount of solvent, the optimum extraction process showed that the extraction time was 50 min 12 and the ratio of solid to liquid was 1 : 40.
13
Meanwhile, there is no study of the interactions between the factors, the extraction process was only investigated by single factor experiment, and the yield of DCP had not been determined. In this research, DCP was extracted by UAE, which has advantages on respect to extraction time, solvent consumption, extraction yields and economy. The mechanism of UAE is to accelerate the release, diffusion and dissolution process of tannins in DCP by cavitation bubbles, mechanical and thermal effects.
Response surface methodology (RSM) is an effective statistical method for analyzing each level of experimental factors continuously during the optimization process. It overcomes the shortcoming of orthogonal design which can only analyze the effect of independent variables and fails to reect the effect of interaction between desired response and factors. RSM is concise and efficient, and can assess the effect of independent variables and their interactions.
14 Up to now, numerous studies applying RSM method with the purpose of optimizing the process conditions have been published, 15 such as extraction of oil, protein, phenolic compounds, pigments, polysaccharides, hydrocolloids, etc. In recent years, RSM has been successfully used to optimize extraction conditions of bioactive compounds, such as grape, 16 Feronia limonia 17 and blueberry wine pomace.
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Box-Behnken design (BBD), one experimental design of RSM, is more efficient and easier to arrange and interpret experiments in comparison with the Central Composite Design (CCD) and Full Factorial Design (FFD). 19 Meanwhile, the BBD with a smaller number of experimental runs is more efficient and appropriate to evaluate the effect of interaction between the factors, and applied popularly in food processes. 15, 20 This design has been successfully used in optimisation for polysaccharides extraction, anthocyanins extraction and mycosterol extraction. 18, 21, 22 Therefore, the work selected the BBD to design the experiments in RSM. As far as we know, this technique has not yet been utilized to optimize the extraction of Dioscorea cirrhosa which is a potential source of natural pigment.
The objective of this study was to determine the optimal conditions for the UAE of DCP using RSM and BBD. The structural characteristics of DCP obtained by purication with a Sephadex LH-20 column were estimated via Fourier transform infrared spectroscopy (FT-IR) and matrix-assisted laser desorption/ionization time-of-ight (MALDI-TOF) mass spectroscopy. The effects of pH, temperature, light, metal ions, reductants and oxidants on the stability of DCP were investigated to provide a theoretical basis for its preservation.
Experimental

Materials
Dioscorea cirrhosa was obtained from Guangxi. The tubers were peeled, crushed and dried. Acetone, methanol, ethanol, and hydrochloric acid were of analytical grade (AR) and purchased from Guangzhou Chemical Reagent Co., LTD (Guangzhou, China). Hydrogen peroxide (AR) was purchased from Qiangsheng Functional Chemical Co., LTD (Jiangsu, China). Catechin (AR) was purchased from J&K Scientic LTD (Beijing, China). Sephadex LH-20 was purchased from Pharmacia (Uppsala, Sweden). 2,5-Dihydroxybenzoic acid was obtained from SigmaAldrich (St. Louis, MO, USA). Other chemicals were of analytical grade and purchased from the Kemiou Chemical Reagent Co., LTD (Tianjin, China).
Extraction of DCP and determination of DCP yield
Before experiment, dried Dioscorea cirrhosa was ground into powder (particle diameter 97-900 mm) using mill (HK-02A, Xuzhong Mechanical Equipment Co., LTD, Hangzhou, Zhejiang, China) with meshes size of 97, 150, 300, 450, and 900 mm. UAE was performed in a ultrasonic cleaner (KQ-600DE, Xinzhi Biotechnology Co., LTD, Ningbo, Zhejiang, China). Temperature was controlled with a thermometer. Briey, the dried sample (2 g) and acetone aqueous solution (volume fraction 30-90%) at various solid-liquid ratios (1 : 5 to 1 : 30 g mL À1 ) were put into a 100 mL beaker, then the samples were extracted at different temperatures (20-80 C) and powers (120-420 W) for different time (10-60 min) . Aer that, the extracts were centrifuged (1-6P, Sigma, Germany) at 3000 rpm for 5 min, and the supernatant was ltered, evaporated and dried using rotary evaporator (R-210, Christ, Germany) and vacuum oven (DZF-1B, Shanghai Yuejin Medical Instrument Co., LTD, Shanghai, China), brown powder was obtained and stored at 4 C.
The yield of DCP was determined using a vanillin colorimetric assay as described in the previous report with few modications. 23 In detail, to 1 mL (V 1 ) extract, 99 mL methanol was added to dilute the extract 100-fold. To 1 mL (V) of diluent, 6 mL vanillin (4%, w/v) and 3 mL hydrochloric acid were added. The reaction was conducted in darkness at 25 C for 30 min. The absorbance at 500 nm was monitored, and the concentration of DCP was expressed as catechin equivalents (mg catechin/mL sample) using a catechin calibration curve (A ¼ 1.11507C + 0.01224, R 2 ¼ 0.99933, where A is the absorbance value of sample, C is the concentration of catechin) that ranged from 0.02 mg mL À1 to 1.5 mg mL
À1
. The yield of DCP (Y) was calculated as eqn (1) .
where C is DCP concentration in the diluent (mg mL À1 ), V 0 is the sample volume (mL), and m 0 is the sample mass (2 g).
Experimental design and data analysis RSM and BBD was used to optimize the operational parameters of UAE. A series of single factor experiments were carried out to identify the independent variables and appropriate ranges of the BBD. The effects of each factor were evaluated by the yield of DCP. The selected variables were coded according to the following eqn (2):
where x i is the dimensionless coded value, X i is the actual value of variables, X 0 is the actual value of variables at the center point, and DX is the step-change value. Aer experiment, the data were tted with a second-order polynomial equation as follows:
where Y is the dependent variable, b 0 is the constant coefficient, b i is the linear coefficient, b ii is the quadratic coefficient, and b ij is the two-factor interaction coefficient. The analysis of variance (ANOVA) was utilized to evaluate the signicance of individual, quadratic, and interaction terms in eqn (3) . Additionally, the models were compared based on the coefficient of determination (R and absolute average deviation (AAD). R 2 must be close to 1, the RMSEP and AAD between the estimated and observed data must be as low as possible.
where Y pre , Y obs and N are the predicted data, observed data, and number of treatments, respectively. The experimental design, graphical and statistical analysis were performed using Design-Expert soware (8.0.7.1 Statease Inc., Minneapolis, MN USA). All trials were performed in triplicate.
Purication of DCP
The purication procedure of DCP was performed on a Sephadex LH-20 column, according to the method described in the archival literature. 26 Briey, approximately 100 mg of the dried extract, dissolved in 95% ethanol, and was lled in a column of Sephadex LH-20 equilibrated with 95% ethanol. The column was eluted with ethanol (400 mL), and 20 mL fractions were collected. The column was then eluted with 50% aqueous acetone (200 mL), and 5 mL fractions were collected. The absorbance from 200-400 nm was determined by UV-vis. All acetone-soluble fractions had the same or similar peaks were collected and mixed. Aer concentration and lyophilization, the fraction was received.
Structural characterization of DCP
FT-IR and UV spectrometric analysis. The IR spectra were recorded with a FT-IR spectrophotometer (VERTEX 70, Bruker, Germany). The sample was ground with potassium bromide (KBr) powder and analyzed in the wave number range of 4000-500 cm À1 . The UV spectrum was acquired on a UV spectrophotometer (UV-2450, Shimadzu Corporation, Japan) in the wave number range of 200-400 nm. MALDI-TOF MS analysis. The MALDI-TOF MS spectra were recorded on a Bruker Reex III instrument (Germany) equipped with a nitrogen laser (337 nm), and the duration of the laser pulse was 3 ns. The parameters for positive-mode spectra in the reection and linear modes were set according to the previous study. 27 In the positive reection mode, an accelerating voltage of 20.0 kV and a reection voltage of 23.0 kV were used. The sample solutions (10 mg mL À1 30% acetone aqueous solution) were mixed with the matrix solution (2,5-dihydroxybenzoic acid, DHB, 10 mg mL À1 30% acetone aqueous solution) at a volumetric ratio of 1 : 3. NaCl (0.52 mg mL
À1
) was mixed with the analyte-matrix solution (1 : 3, v/v) to strongly favor the formation of molecular ions with Na + and avoid any misinterpretation of the mass spectra due to the formation of molecular ions with different cations. Then, the mixture (1 mL) was spotted on the steel target. GPC analysis. The puried and crude extract (5 mg) was dissolved in THF (2 mL) and ltered through a 0.45 mm nylon syringe lter (Millex-HN, Ireland) before GPC analysis, respectively. Twenty microliters were injected into a gel permeation chromatography (GPC) adopting an Agilent 1200 series GPC system equipped with a LC quant pump, PL gel 5 mm 500Å, 100 000Å column and RI detector. The column system was calibrated with a set of monodisperse polystyrene standards (molecular weight range of 162-5.0 Â 10 6 g mol
) using HPLC grade THF as mobile phase at a ow rate of 1.0 mL min À1 at 30 C.
Stability of DCP experiments
The loss rate and absorbance were used to evaluate the effect of pH, temperature, light, metal ions, reductants and oxidants on the stability of DCP. 28 Approximate 100 mg dried extracts were dissolved in acetone (70%, v/v) to 100 mL. The absorbance of DCP solution at 321 nm was measured before (A 0 ) and aer (A t ) the stability experiments. The loss rate of the pigment was conrmed according to the following equation:
(1) The effect of pH. Hydrochloric acid (1 mol L À1 ) and sodium hydroxide (1%) were used to adjust the pH of DCP diluent to values between 1 and 14. The mixtures were shaken well, the absorbance at maximum wavelength (321 nm) was determined aer storing in darkness for 3 h, and the colors of solutions were compared before and aer experiments.
(2) The effect of temperature. To explore the effect of temperature on the stability of DCP, DCP solutions were heated in a water bath for 30 min at the following temperatures: 30, 40, 50, 60, 70, 80, 90 and 100 C, then cooled to 20 C. The absorbance at the maximum wavelength (321 nm) and loss rate were determined. (3) The effect of light. Experiments were conducted in darkness or light (uorescent lamp, 3000 lx) for 0, 1, 2, 3, 4, 5, and 6 h, respectively. The absorbance at the maximum wavelength (321 nm) and the loss rate were determined. 3 , was shaken well. Aer 3 h, the absorbance of the mixtures was measured at the maximum wavelength (321 nm) and loss rates were determined.
Results and discussion
Preliminary experiments (solvent selection) Distilled water, methanol (70%, v/v), ethanol (70%, v/v), and acetone (70%, v/v) were used as solvents to extract powdered samples (2 g, particle diameter: 300 mm) at a solid-liquid ratio 1 : 10, 240 W and 50 C for 30 min, respectively. The yields of DCP were 13.53% in water system, 17.84% in methanol-water system, 25.70% in ethanol-water system and 32.36% in acetone-water system, respectively. The reason could be that the system of acetone-water is able to disrupt the non-covalent bonds between tannins and plant proteins, resulting in more efficient extraction of tannins from Dioscorea cirrhosa. Furthermore, the formation of insoluble condensates based on tannins and proteins could be effectively inhibited by acetone.
29
In addition, acetone-water mixtures are easily evaporated. Thus, acetone was selected as the solvent.
Effect of factors on the extraction yield of DCP Particle size. Particle size is an important factor inuencing extraction efficiency, as demonstrated in several reports.
30,31
Fig. 1a represents the effect of particle size (97, 150, 300, 450, and 900 mm) on the yield of DCP, while the other factors were as follows: 70% acetone, solid-liquid ratio 1 : 10, temperature 50 C, time 30 min, and power 240 W. The yield of DCP increased with the decrease of particle size, in agreement with other reports. 32, 33 The specic surface area increased with the decrease of particle size, which is good for solid-liquid contact. However, the slightly lower yield observed with smaller size of particles could be due to the particles staying at the surface of the solvent during extraction, thereby limiting their exposition to ultrasonic waves.
34 Therefore, the suitable particle size was 300 mm.
Acetone volume fraction. The effect of acetone volume fraction (30, 40, 50, 60, 70, 80 , and 90%) on the yield of DCP is further investigated (Fig. 1b) , when the particle size is 300 mm, solid-liquid ratio is 1 : 10, temperature is 50 C, time is 30 min, and power is 240 W. The yield of DCP increased with the increase of acetone volume fraction rstly. The yield reached a maximum when the volume fraction of acetone was 70%, and then gradually decreased with the increase of acetone volume fraction. This may be attributed to the polarity of the solvent varies with the volume fraction of acetone. The pigment solubility is enhanced when the polarity of solvent is most similar to the polarity of DCP. 35 Thus, 70% (v/v) was chosen as the optimum volume fraction.
Solid-liquid ratio. Extraction was carried out at various solidliquid ratios (1 :
and power 240 W. As shown in Fig. 1c , the yield increased with the increase of solvent volume, then changed little aer the solid-liquid ratio exceeded 1 : 10. This was likely due to the reduction in viscosity as solvent volume increased, as well as the increased cavitation and accelerated dissolution of the target component. Tannins were more likely to be oxidized when they were sufficiently diluted. This trend was previously observed in the extraction of phenolic compounds from Euryale ferox seed shells. 36 Thus, we selected a solid-liquid ratio of 1 : 10. Temperature. Temperature is the main parameter affecting extraction efficiency, and it had both positive and negative impacts on extraction yield. Fig. 1d summarizes the effect of temperature (20, 30, 40, 50, 60, 70 , and 80 C) on the yield of DCP when the other factors were as follows: particle size 300 mm, acetone volume fraction 70%, solid-liquid ratio 1 : 10, time 30 min, and power 240 W. The results indicated a linear effect on the yield of pigment from 20 to 50 C. The yield reached a maximum at 50 C, then gradually decreased with the increase of temperature. Solubility and diffusivity of solid from the plant material accelerated with the increase of temperature, which in turn promoted cavitation and maximized extraction yield. 37, 38 When temperature is too high, the dissolution of active components would be affected by lower cavitation and higher solution viscosity owing to increasing dissolution of polysaccharides and other components. As a result, the suitable temperature was 50 C.
Ultrasonic time. The effect of time (10, 20, 30, 40, 50 , and 60 min) on the yield of DCP is shown in Fig. 1e , while the other factors were as follows: particle size 300 mm, acetone volume fraction 70%, solid-liquid ratio 1 : 10, temperature 50 C, and power 240 W. It was clear that 30 min was the optimal time for extraction. A long extraction time enhances the ultrasonic effects on Dioscorea cirrhosa. The breakup of bubbles on the surface of micro-jets destroys plant structure, allowing solvent to permeate the plant matrix, which attributes to the exudation of active ingredients. 39, 40 However, the exposure of pigments to ultrasonic waves for a longer period destroys the pigment structure, resulting in lower extraction yield. Therefore, 30 min was chosen as the optimal time.
Ultrasonic power. To examine the effect of ultrasonic power on the extraction efficiency, extraction was carried out at various powers (120, 180, 240, 300, 360, and 420 W), while the other factors were as follows: particle size 300 mm, acetone volume fraction 70%, solid-liquid ratio 1 : 10, temperature 50 C, and time 30 min. Fig. 1f indicates a linear effect on DCP yield as it ranged from 120 W to 240 W, while the yield did not change signicantly with the increase of power. A possible explanation is that ultrasound waves increased the number of cavitation bubbles. The collapse of these bubbles produces high shear forces that damage cell wall, improve solvent penetration and accelerate the exudation of active ingredients. [41] [42] [43] There was a sharp increase in cavitation bubbles when the power increased above 240 W, which negatively inuenced the efficiency of ultrasound energy transmitted into the medium, reducing the extraction yield. 44 Therefore, the suitable ultrasonic power was 240 W. Optimization of the procedure by RSM Optimization of UAE by RSM. It's clear that the yield of DCP changed little with the change of particle size or solid-liquid ratios and kept stable aer ultrasonic power reached 240 W from the single-factor experiments. The volume of solvent, temperature and target components in solvent could improve the efficiency of UAE and economize the use of energy and organic solvents. 45 Temperature is the main parameter affecting extraction efficiency and selectivity, with optimum temperature increasing the solubility of target components in the solvent.
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Time signicantly affected the extraction yield, and a long extraction time enhances the ultrasonic effects on target components. 47 Thus, the acetone volume fraction (X 1 ), time (X 2 ) and temperature (X 3 ) were selected for RSM experiments. Then, a three level, three factors Box-Behnken design consisting of seventeen experimental runs was employed and is presented in Tables 1 and 2 .
Fitting the model. Analysis of variance (ANOVA) was performed to investigate the adequacy of the suggested model and identify its signicant factors ( Table 3 ). The regression model represents the relationship between the extraction yield of DCP (Y) and selected process variables and is represented in eqn (7) .
where Y is the yield of DCP, and x 1 , x 2 , and x 3 are coded variables for the acetone volume fraction, time, and temperature, respectively. The suitability and signicance of the model equation are mainly related to p-values of model, the determination coefficient (R 2 ), the adjusted coefficient of determination (R adj 2 ), the coefficient of variation (CV), root mean square error of prediction (RMSEP) and absolute average deviation (AAD). Table 3 shows that the model is signicant with p < 0.0001 < 0.05 and adequate with satisfactory R 2 values. 16 The closer the value of R 2 is to 1, the better the experimental model ts the real data. 48 The value of the determination coefficient (R Moreover, the failure in correctness was tested by the coefficient of variation (CV). Smaller CV values indicates better reproducibility. In this study, the value of CV was 2.03%, indicating better reliability of the experimental values. In addition, the p-value of the lack of t (0.6070 > 0.05), the values of RMSEP (0.3716) and ADD (1.0564) implied the suitability of the model. 25, 50 At the same time, the observed values under different experimental conditions differ slightly from the predicted values in Table 2 . The results indicated that the model could well predict the DCP extraction from Dioscorea cirrhosa.
In addition, we selected the following two experimental conditions to verify the applicability of the model equation.
(1) 70% acetone, time 30 min and temperature 50 C (X 1 ¼ 0,
, the predicted yield of DCP is 32.57%. Under the condition, three parallel experiments were carried out, and the observed value of DCP yield is 31.65%.
(2) 80% acetone, time 40 min and temperature 60 C (X 1 ¼ 1,
, the predicted value of DCP yield is 28.34%. 
Under the condition, three parallel experiments were carried out, and the observed value of DCP yield is 27.36%. Under the two conditions, the observed values of DCP yield differ slightly from the predicted value, which are within an acceptable range. Therefore, the equation is suitable for our research.
Smaller p-values and greater F-values indicate that the corresponding variables are more signicant. According to the Table 3 , the p-values of temperature and acetone volume fraction were less than 0.0001, which indicated that these two factors had a signicant effect on the extraction yield of DCP. Fig. 2 shows the Pareto chart analysis. The Pareto analysis gives more signicant information to interpret the results. In fact, this analysis calculates the percentage effect of each factor on the response according to the F-value of each factor. The result showed that temperature (X 3 , 34.70%) was the most important factor affecting the extraction yield of DCP, and the effects of the independent variable and their interactions were ranked as
Considering the change of temperature will lead to the greater change of DCP yield, temperature should be determined rst in the extraction process. Analysis of response surfaces. Several 3D surface plots were used to illuminate the optimal variable values and identify any relationships between them. The shapes of the surface and contour plots indicate whether the interaction between variables is signicant or not. 51 The response surface plots based on this model are shown in Fig. 3 , two variables vary at the same time, while the third variable is kept constant. Fig. 3a shows the mutual interaction between extraction time and acetone volume fraction on the yield of DCP when the temperature was xed at 50 C, whereas the relationship between extraction time and extraction temperature is shown in Fig. 3b . As observed, the yield increased initially and then decreased with the increase of the two parameters. The mutual interaction of extraction time and acetone volume fraction, and the mutual interaction of extraction time and extraction temperature, were signicant (p < 0.05). Meanwhile, the DCP yield was little affected by changes in extraction time within the ranges tested, which also agreed with the results in Table 3 . The perturbation graph of these three variables is shown in Fig. 3d , and acetone volume fraction, extraction time, and extraction temperature here corresponded to A, B, and C on the perturbation graph, respectively. It clearly showed that time did not have a signicant impact on DCP yield, while temperature and acetone volume fraction affected DCP extraction signicantly. Moreover, a longer period of time, higher temperature and higher acetone volume fraction could lead to a decrease in DCP yield, as indicated by the negative coefficient in the tting equation shown in eqn (7) . Fig. 3c represents the relationship between extraction temperatures and acetone volume fraction when time was xed at 30 min. Extraction yield increased rapidly to its maximum as both extraction temperature and acetone volume fraction initially increased, but decreased slightly thereaer. DCP yield is greatly affected by temperature and acetone volume fraction when the time is xed, which resulted in an obvious convex response surface in Fig. 3c . The obvious convex response surface suggested that there was a highly signicant interaction between the two variables. Meanwhile the shapes of the contour plots, elliptical or circular, indicate whether the interactions between the corresponding variables are signicant or not. 52 An elliptical contour plot means the interactions between the variables are signicant while a circular contour plot means otherwise. 53 As shown in Fig. 3 , the shapes of the contour plots in Fig. 3a and b were more circular, while the shape of the contour plots in Fig. 3c was elliptical. The result showed that temperature and acetone volume fraction had the largest interaction effect on DCP yield, which was in agreement with the result of ANOVA analysis in Table 3 (X 1 X 3 has the lowest pvalue and highest F-value compared to X 1 X 2 and X 2 X 3 ). Therefore, we should consider the interaction between temperature and acetone except the effect of temperature in the ultrasonicassisted extraction process of DCP.
As a result, the derived optimal values were as follows: 73.88% acetone, time 30.61 min, and temperature 53.82 C; the maximum predicted yield of DCP was 33.48%. In order to operate conveniently, the experiments were performed in the following conditions: acetone volume fraction 74%, time 31 min, and temperature 54 C. The maximum yield of DCP (32.27%) agreed well with the predicted one, indicating that the model ts the experiments.
Structural characterization of DCP
Aer purication, the acetone-soluble fractions 13-28 were brown, indicating that these eluates contained tannins. 54 Aer UV analysis, the acetone-soluble fractions with the same or similar peaks were collected and mixed to obtain component 1 (fractions [13] [14] [15] [16] [17] [18] [19] [20] and 2 (fractions 21-28) . The UV spectral characteristics of component 1 and 2 are shown in Fig. S1a and b. † As observed, the UV-vis spectra of component 1 is unimodal and corresponded to the characteristic of condensed tannins. The concentration of condensed tannins in component 1 was higher, as measured by absorbance at 321 nm. Therefore, component 1 was selected for the subsequent characterization experiment.
The FT-IR spectra of DCP is shown in Fig. 4a The condensed tannins from DCP had different polymer chain lengths, varying from trimer to hexamer. A few peaks were followed by mass signals at a distance of 152 or 136 Da. The 152 Da mass is matched with the addition of one galloyl group at the heterocyclic C-ring, as in (epi) gallocatechin gallate. 56 The 136 Da mass does not correspond to any known building block or moieties in tannin oligomers. Nevertheless, the main component of DCP was demonstrated, and the structure of condensed tannins from DCP was thus successfully characterized by MALDI-TOF MS. Fig. 4c shows GPC chromatograms of DCP before and aer purication. GPC analysis of the sample indicated that DCP contains substances of different molecular weight. Aer purication, there was no obvious change in the high molecular weight fractions, whereas relatively low molecular weight fractions were removed, as demonstrated in other reports. 57 This conrms the difficulty of obtaining high-purity of tannins using only a Sephadex LH-20 column.
Effect of factors on the stability of DCP pH. The effect of pH on the stability of DCP is summarized in Fig. 5a , absorbance increased and color deepened under extreme conditions (pH 1, 2, 10, 11, 12, 13 and 14), which may be attributed to structural changes. This suggested that pH can affect the stability of DCP. However, DCP showed good stability in the pH range of 3-9.
Temperature. As observed in Fig. 5b , there was no signicant change in absorbance, and the loss rate was small when the temperature was below 80 C, which indicated that DCP was relatively stable. However, the absorbance and maximum wavelength changed when the temperature reached 80-100 C,
indicating that the pigment structure may be damaged at high temperature. Thus, DCP should be stored below 80 C.
Light. The effect of light on the stability of DCP is shown in Fig. 5c , the loss rate of DCP changed little in darkness, but increased with the increase of light exposure. As a result, light have an impact on the stability of DCP, and prolonged illumination should be avoided when storing DCP.
Metal ions. Fig. 5d summarizes the effect of metal ions on the stability of DCP. Fig. 5e represents the effect of reductant and oxidant on DCP stability. The loss rate increased with increasing concentration of H 2 O 2 or NaHSO 3 . NaHSO 3 had a bigger impact on the stability of DCP. That might be because condensed tannins as the major component of DCP, whose phenolic hydroxyl groups are easily oxidized. Consequently, DCP can be utilized as antioxidant.
Conclusions
On the basis of single-factor experiments, acetone volume fraction, temperature and time variables were selected for RSM experiments. Among the three dependent variables, the impact of variables on DCP yield decreased in the following order: temperature, acetone volume fraction and time. The optimal conditions for DCP extraction were as follows: acetone volume fraction 74%, extraction time 31 min, and temperature 54 C.
Under these optimal conditions, the experimental yield of DCP was 32.27%, which closely agrees with the predicted value (33.48%). Aer purication using a Sephadex LH-20 column and chemical characterization by UV, FT-IR, MALDI-TOF MASS and GPC, condensed tannins with catechin monomer units were detected in DCP. In addition, pH, temperature, and light all had an impact on DCP stability. DCP was stable at the pH range of 3 to 9 and temperature below 80 C. DCP showed good anti-reduction and poor anti-oxidization properties. This study improved the ultrasonic-assisted extraction of DCP, providing the basic data and theoretical guidance for the application of DCP, and promoting the application of DCP in food, medicine and cosmetics areas. Further research is needed to optimize this procedure to the capable of industrial production as standard. 
